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PREFACE

The successful development of aircraft has depended heavily on the use of the wind
tunnel since the beginning of powered flight. The experimental acrodynamicist has many
problems to consider in using the wind tunnel in order to acquire useful aerodynamic data.
These problems include Reynold’s number corrections, wall and support interference, flow
quality, and aeroelasticity. The purpose of this specialists’ meeting was to bring those
experimental aerodynamicists together to review and discuss current usage and basic develop-
ments for wind tunnel wall corrections. This specialists’ meeting concentrated upon subsonic
and transonic flow wall corrections, The meeting was organized into sessions of solid wall,
ventilated wall, aud adaptive wall wind tunnels and a sumniarizing round table discussion,

No attempt will be made here to summarize in detail results of this nieeting, This is very
adequately covered in thie round table discussion by the session chairmen; Professor
A.D.Young, Mr L.H.Ohman, and Professor W.R.Sears.

The specialists’ meeting has revealed encouraging progress in the area of wind tunnel wall
correction, Not only are correction procedures improving but a great deal of research progress
is evident with adaptive walls to reduce or eliminate wall interference, Most approaches for
wall corrections seem now to rely upon measuring boundary conditions at or near the tunnel
walls, For solid wall tunnels one independent flow variable, usually static pressure, is needed
if the flow is assumed to be parallel (or corrected for boundary layer growth) to the walls, For
ventilated wall tunnels, two independent flow variables are needed and are usually selected from
static pressure, lateral pressure gradient, or velocity and its vector. The older concept of modeling
the ventilated wall boundary conditions is not nearly so popular now as it was a decade ago.

In the adaptive wall research we see the Europeans heavily pursuing research with solid wall
tunnels wliereas in the United States there is more effort with ventilated adaptive wall tunnels
and soniewhat less with solid wall tunnels, The advantage of the solid wall approach is the require-
ment to measure only one independent flow variable, whereas the ventilated wall tunnel requires
two. On the otlier and a ventilated wall tunnel may be easier to control at transénic Mach
numbers and offer a liigher Macli number capability. This and many other practical questions
will need answers before the tunnel designer can settle upon an approach for application in full
scale production wind tunnels. The practicality of the adaptive wall tunnel has been greatly
enhanced by advances iu computer hardware and software and mathematical algorithms, With
rapid advances in this area it does not appear that computational time will be a major constraint
in using adaptive walls on a practical basis,

DR M.L.LASTER
Programme Chairman
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A METHOD FOR DETERMINING WALL-INTERFEREMCE CCORRECTIONS IN
SOLID~WALL TUNNELS FROM MEASUREMENTS OF STATIC PRESSURE AT THE WALLS

by

P. R. Ashill and D. J. Weeks
Aerodynamics Department, Royal Aircraft Establishment,
Bedford MK4Ll 6AE, England

SUMMARY

A method is described for calculating wall interference in solid-wall tunnels from
measurements of pressures at the walls. The method has the advantage over similar tech-
niques of not requiring a description of the flow in the region of the model. Calculations
of wall interference for aerofoil tests at high subsonic speeds are presented, and the wall
corrections obtained are compared with results from other methods. Generally good agree-
ment is obtained. A theoretical evaluation of the method suggests that it is suitable for
calculating wall corrections for three~dimensional configurations that are not amenable to
correction by classical methods.

SYMBOLS

b tunnel breadth

[ aerofoil chord

Cp drag coefficient, referred to gpeuezc

Chn coefflclent of pltchlng moment about leading edge, nose up positive, referred
to lpelUeacc

Cn normalergrce coefficient, referred to gpeUezc

C static-pressure coefficient referred to conditions far upstream of model

ds! element of area on surface I

f and r upstream and downstream extremities of surface I

h tunnel height

M Mach number

n', n' integers defining numbers of steps in numerical integration of velocities induced
by vortex distribution

N normal to Sp, inward to A in transformed space

n normal to Sp, inward to A in physical space

o( ) at most of order

p,P,q,Q integers defining numbers of streamwise rows of wall static holes
see equation (5)

Re Reynolds number based on aerofoil chord

S1 surface surrounding areas of transonic flow and shear layers associated with
model (Fig 1)

Sa ¢ylindrical outer part of surface I (Fig 1)

U stream speed

U,Vv,w X, ¥, 2 components of perturbation velocity

X,¥ 52 rectangular Cartesian coordinate system, x positive in streamwise direction and

z positive upwards
(X,Y,Z) = (x, By, Bz)
o

incidence
ag geometr%c or uncorrected incidence
B = (1 - Me
prefix denoting increment due to wall constraint
§* wall boundary-layer displacement thickness
A region between tunnel walls and model where flow is of small perturbatlon typn
[} density of undisturbed stream
I surface bounding region A (Fig 1)
[} velocity potential
¢ perturbation velocity potential
v region bounded by surface S; (Fig 1)
Suffixes
[ quantity referred or corrected to empty-tunnel conditions
e effective free~stream or corrected conditions
f,r upstream and downstream extremities of surface I
o0

far upstream
Primes refer to source point in integrals defining wall effect

* refers to local sonic conditions

1. INTRODUCTION

The continuing need to refine wind-tunnel test techniques has stimulated work in
recent years on the use of flow measurements to determine tunnel-wall corrections. For
some time, ‘it has been realised that classical wall-correction methods are unsatisfactory
in a number of respects. For tunnels with slotted walls, the 'classical' wall boundary
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condition is known to be unrepresentativel, while, in the case of perforated-wall tunnels,
the assumptions made in deriving wall porosity are questionable. In the case of tunuels
with solid walls, the wall boundary conditions are reasonably well defined but, generally,
the corrections are numerically larger than those for tunnels with slotted or perforated
walls. Consequently, greater emphasis has to be placed on representing the model flow
field, 1In the classical methods, the assumption is made that the flow is uniformly of the
small-perturbation type?, and consequently they fail to simulate conditions close to the
model in a number of important cases (eg transonic flows, high-1ift models).

In order to overcome these problems, several methods have been developed that are
based on measurements of static pressure at or close to the tunnel walls. Possibly the
earliest example is the method proposed by GOthert> for calculating blockage corrections
associated with tests at high subsonic speeds in solid-wall tunnels. This method relies
on measurements of static pressure at the walls to redefine the strengths of the sources
simulating the volume effect of the model. More recently, Hackett, Wilsden and Stevens#
have employed a similar approach in connection with low-speed tests on models at high
angles of incidence. The method of Smith® and the related technique of Capelier, Chevallier
and Bouniol® are examples of methods in which the measurements of static pressure at or near
the tunnel walls are used to provide alternative boundary conditions.

The method to be described in this paper has the advantage over these methods of not
requiring a simulation of the flow in the region of the model. This feature is of particu-
lar benefit in cases where the flows are complex and hence are not easily modelled, for
example, those with shocks and/or separations. On the other hand, unlike the methods of
Smith and Capelier et al,it presumes a knowledge of flow angle as well as of static pressure
close to the tunnel walls. However, in the case of tunnels with solid walls, the boundary
flow angle is essentially defined by the condition of no flow through the tunnel walls, and
so only static pressures need be measured.

The method is formulated in general terms in Section 2, after which the paper is con-
cerned -exclusively with solid-wall tunnels. In Section 3, the method is used to obtain wall
corrections for aerofoil -tests at high subsonic speeds in the 8 ft x 8 £t Tunnel (RAE) and
in the Adaptive Wall Tunnel T2 (ONERA). Where possible, comparisons are made with other
wall-correction methods, and, in the case of T2, the method is used to determine wall
corrections for nominally interference-free conditions. Finally, in Section 4, a feasi-
bility study is described into the application of the method to tests on three~dimensional
models.

2. FORMULATION OF METHOD

It is supposed that there exists a region
A between the tunnel walls and the model where
the flow can be adequately described by the
small-perturbation form of the potential

equation s
By * ¢yy t b, = 0.

This region (Fig 1) excludes shear layers and
areas of transonic flow, and is bounded by the
surface 387 surrounding the model and an outer
surface S» which is taken to be cylindrical.

In the classical way7, the small-
perturbation equation is reduced to the
Laplace equation .

by t byy t ¢ZZ =0 (1) FIG.1 REGION AND BOUNDING SURFACES FOR APPLICATION OF GREEN'S THEOREM

by using the transformation
(X, ¥, 2) = (x, By, Bz)

Here we have followed Evans8 in writing the B factor in terms of the corrected Mach number,
Mg .

The perturbation potential is defined by
¢ =9 -Ux, (2)
where ¢ is velocity potential and U  is stream speed far upstream.

Using Green's theorem? we are able to write the formal solution to equation (1) for
the flow in A as

$(X,Y,2) = - 7= fzf{-g-;% - dp(pias NG

where
I =.8) + 52 + £ +r,

and f and r are the upstream and downstream extremities of the surface I surrounding the
region A. For convenience, f and r are taken to be planar and perpendicular to the X
direction so that

3/3N = £ 3/3X i ()

T e e e ¥ h
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at f and r, respectively. The directional.derivatives are defined positive inward to the
region and ; :

= {(x-x)% 4+ (x-¥)2 4 (2 - 2027, (5)
where (X Y, 7 ) are the coordinates of the element dS' of the surface Z.

Because ¢ is the perturbation potential
3¢/9X > 0, and ¢ » 0o as X + == , . - . - (6)
and hence, using equations (3), (4), (5) and (6), we find that the uontrlbuthn to 9 of

the surface integral over f tends to zero as the distance of the surface f upstream of the
model is increased.

It is assumed that the flow in A far downstream of the model is irrotational and
hence may be described by potential singularities simulating the model and the associated
images beyond the tunnel walls. Consideration of flows of such singularities indicates
that, in general, @

Pt $(X,Y,2) v kX + k3IlnX + k3g(Y,Z) + o(1/X) }
k]

36(X,Y,2)/3% n K + kp/X + o(1/X2) n

where kj, kp and k3 are coefficients which depend on factors such as the model and the
tunnel-wall configlration, and o( ) denotes 'at most of order'. The function g(¥,2z) is
bounded within the confines of the tunnel.

Combining equations (3), (4), (5) and (7), we find that, in the region of the model,
the contribution to ¢ from the integral over r is O(lan/sz) Therefore the contrwbutlons
of the surfaces f and r may be ignored provided that they are placed sufficiently far from
the model. Consequently the integration may be supposed 'to be restricted to the surfaces
S1 and Sp provided that 8 is understood to extend far upstream and downstream.

Next, consider a free-~air flow that is equivalent to the wind-tunnel flow and which
has the free-stream speed Ue. In this case, the perturbation potential is given by

$o 7 0o - Ux - U Aoz . . (8)

The last term arises because the free stream is 1nclln°d upwards relative to the wind tunnel
flow far upstream by the angle :
Ao = a, - ag

where % is ‘the uncorrected incidence of the model in the tunnel. .

The surface bounding A is taken to be 83, as before, together with the internal
surface of a sphere centred on a point within the model. As the radius of the sphere
increases towards infinity, its contribution to ¢, vanishes9 leaving

J 1
¢e(X’Y,\Z) = Ir"ff[ag} " em(ﬁ)}ds' . (9)

Subtracting equation (9) from equatlon (3) and recalling that the suffix I is
replaced by Sy + Sp in the latter equation, we obtain for the difference in perturbation
potential between the two flows

$ = b = AP - n%{;{éiﬁ_%ﬁig)%,- (¢ - ¢e)§§(§)}ds' , (10)
where A$ = E—[f{g% - () bas (11)

is the increment in perturbation potentlal due to wall constraint,

Strict equivalence between the two flows is achieved provided that ¢ = everywhere
in the near flow field of the model. It follows from equations (2) and (8) tha%,-in this
region,

¢~ by = (U, = U )x + U doz . (12)

Consequently, ¢ - ¢o satisfies Laplace's equation (1) within the region v (shown hatched in
Fig 1) enclosing the model and its associated regions of transonic flow and shear layers,
and hence from the divergence theorem? the integral in equation (10) vanishes identically.
Therefore, referring to equations (10) and (12}, we have

$ - 9, = Ap = (Ue - U )x + U daz ,

This implies that the wall-induced increments in streamwise velocity
Au = 3A$/3x = Uy - U,

and upwash AW = 3A$/9z = U Ao

do not vary in the region of the model. Such flows are generally called 'correctable!'. It
follows that, for flows that are not 'correctable', strict equivalence cannot be achieved.
Limited equivalence can, however, be accomplished by adjusting the shape of the model so
that, for example, the pressure distributions on the model are the same in the two cases.
In practice, this is not easily done except for small-perturbation flows., In Section 3.2,
the small perturbation method is used to determine the change in camber required-ln

[ YR
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free-air flows to allow for the effect on model pressure distribution of the chordwise
variation of wall-induced upwash in tunnel tests on an aerofoil at high subsonic speeds.

The first part of the integral of equation (11) is the contribution of a distribution
of sources and the second represents a distribution of doublets with axes perpendicular to
Sp. It may be shownlO that the doublet distribution is directly equivalent to a distribu-
tion of elementary horseshoe vortices of strength, u = 3¢/3x. Hence the interference poten-
tial is completely defined by two components of perturbation velocity at the surface Sj.

For a tunnel with a cylindrical working section and an infinitesimally tnick boundary
layer, S5, may be chosen to coincide with the tunnel walls., If, in addition, the walls are
solid, the normal velocity at S8p, 3¢/3n, is zero. Hence the source strength

9¢/3N = (1/8)3¢/3n = O.

In this case, therefore, the source term of equation (11) vanishes, and the wall interfer-
ence may be calculated once the streamwise component of perturbation velocity at the walls
is determined. This is most conveniently achieved by measuring the static pressures at the
walls and by using the linearised version of Bernoulli's equation

Cp = =2u/U , (13)
where the static-pressure coefficient Cp is referred to conditions far upstream.

In practice, the displacement surface representing the tunnel walls and their boun-
dary layers, is not truly cylindrical. Partial allowance is generally made for this by
referring measurements of wall .static.pressures to empty-tunnel conditicns (ie conditions
in the empty tunnel with the flow far upstream the same as those with the model in the
tunnel). However, this correction is complete only if the normal velocity at Sy does not
change between the empty-tunnel state and the condition with the model in the working
section. Clearly, this is not the case if the tunnel walls are either porous or solid and
adaptive. For such tunnels, the present method requires the change in ncrmal velocity {(or
flow angle) at S, to be determined either by measurement or some other means. In this
paper, we confine our attention to solid-wall tunnels. Allowance for the change in shape
of the walls of adaptive-wall tunnels is made by invoking the condition of no flow through
the tunnel walls. To the order of accuracy of the small perturbation theory this implies
that at Sp

3¢/3N = (1/8)U, [an /3x] yurr - (1)

Similar allowance is made for the change in displacemenf effect of the wall boundary layer
due to the presence of the model and wall adaptation, 6., the appropriate source strength
being

3¢/3N = (1/8)U_ 3(8g)/3x . (15)

For two-dimensional flows around aerofoils mounted between the sidewalls of wind
tunnels with rectangular working sections, the singularities on the sidewalls are ignored,
and those on the roof and the floor are replaced by two-dimensional sources and vorticesll,
In practice, such flows are not strictly two dimensional because of the interaction between
the sidewall boundary layers and the aerofoil. However, although this effect can be signi-
ficant,it is doubtful if the calculation of it justifies the compl&cation of measuring the
boundary conditions on the sidewalls. A number of attemptsl?,13,1%,15 have been made to
treat this problem theoretically but not witﬁ complete success. Perhaps the most promising
of these 1s the method proposed by Barnwelll* and recently extended by Sewallld to transonic
flows, However, in its present form, the method is limited to cases of small Bb/c, where b
is model span (or tunnel breadth) and ¢ is aerofoil chord.

Before passing to applications of the method we note that the wall-induced velocities
may be obtained by vector differentiation of equation (11). Because the integrand of this
expression is gmooth and continuous, the differentiation may be taken under the integral

sign, .
3. APPLICATION OF METHOD TO TESTS ON AEROFOILS

3.1 Numerical approximation

Measurements of static pressure increments and wall displacements on the centre line
of the roof and the floor of the working section are infterpolated by using the Cubic-Spline
method. Extrapolation of the static-pressure increments to infinity upstream and downstream
is achieved by making use of the exponential character of the wall-velocity increments in
the classical theory of solid-wall interference. Furthermore, it is assumed that, far down-
stream, the static-pressure coefficient?

2
c - - o1 + 0.4M7) CD .

Pe R 8 )
Here h is working-section height and Cp is the section drag coefficient. The wall displace-
ments are extrapolated by assuming that, upstream and downstream of the region where they
are measured, the streamwise slope of the wall displacement is cero.

. The integrals in the expressions for the wall-velocity increments are evaluated by
using Simpson's rule with a step length Ax = 0.0258h over the interval -28h < x £ 28h,
where x is measured from the leading edge of the aerofoil. On the basis of a number of
trial calculations, the contributions of the integrals over the interval -~ ¢ x < -2gh are

B N S + . - . o e
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ignored, and, in the interval 2fh < x ¢ =, the static-preszure increments are assumed to bz

" equal to their values at x = 28n. This allows the integration of the vortex distribution

to be performed analytically in the interval 28h < X ¢ =.

3,2 Tests in RAE 8 ft x 8 ft Wind Tunnel

A series of aerofoil sections has been tested in the 8 ft x 8 ft Wind Tunnel with
the aim of providing a better understanding of the boundary layers on 'advanced' aerofoil
sections. These sections shars the same shape ahead of 657 chord, differing in the degroe
of rear camber or trailing-edge thickness., The size of the model (c/h = 0,260, thickness/
chord ratio 0.14) is decided primarily by the need to make detailed measgrements of the
boundary-layer flows over a wide range of Reynolds number (up to 20 x 100), Transition is
fixed at 5% chord on both surfaces of the aerofoils by means of the air-injection msthod,
in which air is injected into the boundary layer through a large number of holes drilled
normal to the surface. Details of the construction of the system can be found in Ref 11.
The method has the advantage of allowing the disturbance required to fix transition to be
minimised for any given conditions during the test.

re
© As is normal for subsonic o 0004 - Ve

tests in the 8 ft x 8 ft Tunnel, B e i -~
the flexible (roof and floor) —— T Ue /;/
liners were maintained in an ooz | s
essengially straight configura- /
tionl®, As a consequence of this ) ’/’,f/””
and of the relatively large size ik ) et A )

of the model, some of the flows
examined are not 'correctable’ LU
in the strict sense. This
point is illustrated in Fig 2
which shows the variation along
the model ‘chord of the wall
interference for twoe typical
cases, The chordwise variation
of the streamwise (or blockage) Siii . . 5 .
increment in Mach number is "o 02 04 06 08 k 10
small, suggesting that, as {a) BLOCKAGE INCREMENT IN MACH MMBER
regards blockage, the flow is

'correctable!. On the other . FIG.2 VARIATION ALONG THE CHORD LINE OF THE MODEL

hand, for cases of interest OF AL MTEREERECE M R10LT3

(Mg = 0.73, 0.3 < Cy < 0.7), the chordwise variation of wall-induced upwash is significant
and cannot reasonably be ignored.

b} WALL - INDUCED UPWASH
om0

'}

Measurements have been x{r} -0 692 -0t 012 o349 oSN 048y IS8 (3530506 1022 1975 221

made of static pressures on the i RPN L e cy oy T A T Y N LRy oY e NP0
aerofoils as well as on the Hole No. 48 50 56 4 ST 58 59 & 6 68 & 10

roof and the floor (Fig 3). 1In

addition, drag has been deter-

mined from measurements of total

and static pressures made with a terofolf
wake rake situated approximately Le he2:438m
two chords downstream of the

aerofoil. Typical results for

the static-pressure coefficient gel8ism
Cpe are shown in Fig 4. From S S
this it will be inferred that
the assumptions of the present
method are not invalidated near g ¥oke rake
the wall, even for cases with
significant regions of super-
critical flow close to the

x :
Hodal 13w

aerofoil.
. The following discussion Rembarivg wd position o Tlew hales of for oot}
is concerned with results for TTITATTITT R 7TT7 7 AT 7IN TR I 7T A7 27X 7 A IR T 77 TN T AT 777 FLOOR

wall interference calculated
for tests gt a Reynolds number
of 20 x 10° on one of the aero-
foil sections, RAE 5225. This
aerofoil section is designed

to have a high degree of rear loading and an essentially shock-free flow o? the upper
surface for Cy = 0.6, Mw =0.734 and a chordal Reynolds number Ry = 20 x 10, No allowance
is made for the interaction between the flow field of the model and the wall boundary layers.
Calculations have been made of the effect of the roof and floor boundary layers by using the
Lag Entrainment methodl? in conjunction with measured prggsure distributions. Results
obtained for the increments in Mach number and upwashl 511 indicate that the effect is
negligibla. ) : .

FIG3 NUMSERING AND POSITIONS OF WALL STATIC PRESSURE HOLES FOR ROOF AND FLUOR OF WORKING SECTION

As has already been noted, methods currently available for calculating the effect of
the sidewall boundary layers are not entirely adequate. This matter is currently receiving
attention at RAE, and it is hoped to report on the work in the near future. In the present
case, however, the displacement thickness of the wall boundary layer is small compared with
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fhe span of the model (§%/b =

0.005) and the aspect ratio of the model is relatively

large (b/c = 3.8). It is anticipated, therefore, that the effect is small.
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£10.5 “BLOCKAGE INCREMENT IN MACH HUMBER, VARIATION WITH
NORMAL ~ FORCE COEFFICIENT; Mg = 073

FIG& WALL STATIC PRESSURE INCREMEKTS O(H-I'S. (C“ﬁ 0-5)

Since the streamwise variation of the blockage increment in Mach number is small,
it is reasonable to define a mean value along the chord AM.

increment are shown in Fig 5 plotted against normal-force coefficient for Mg = 0.73,

Various calculations of this
As

well as those of the present method, results are shown from Smith's method®, Gothert's
The agreement between the first three methods is
reasonable, the variation with normal-force coefficient indicated by the present method

technique3 and classical linear theory?.

being closely matched by that of Géthert's method.
gives values that are consistently lower than those of the other methods.
> 0.4 where non-linear effects associated with compressibility
would be expected to influence the wall static-pressure increments and

especially evident fo
and model 1ift?2
hence the blockage.

coefficients tested.

r CyN

By contrast, classical linear theory

This is

The present method and GOthert's technique are found to give blockage
increments that are in good agreement over the range of Mach numbers and normal-rforce

With the exception of GOthert's method, which is restricted to the calculation of
blockage, corresponding variations with normal~force coefficient of the wall-induced upwash
and its streamwise gradient, in each case at mid chord, are shown in Figs 6(a) and (b).

The agreement between the present method and classical theory (accurate to order (c/Sh)Z)

is seen to be particularly good.

(2)

tunnel;

(b)

This might have been expected because

the wall boundary conditions are reasonably well defined for a solid wall

for specified values of c¢/h and free-stream Mach number, classical theory

indicates that the wall-induced upwash depends primarily on 1ift and pitehing
moment which are known from measurements of static pressure on the model.
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FIG.6 VARIATION WITH NORMAL + FORCE COEFFICIENT OF WALL- INDUCED UPWASH

Although the flows examined are not strictly 'correctable', comparisons have been
made between measurement and calculation of the equivalent free-air flows with the object

of assessing the accuracy of the wall-interference correcction of the present method.

The

calculations have been made by using the viscous version of the Garabedian and Korn program

T s e s

ey
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(vak)18,
adjusting the camber of the aerofoil.
increment is obtained from classical theory which, as noted above, is in good agreement

Allowance for the chordwise variation of wall-induced upwash i1s made by
The wall-induced upwash used to derive the camber
with the present method. The increment in aerofoil camber may be written as

Az

Az Cy =
[

B I8

Because of the speculative nature of this correction, which is strictly justified
only for small-perturbation flows, thc calculations have been done both with and without
‘the camber adjustment. In all the calculations, the artificial viscosity parameter, ¢,
is taken -to be 0.8, and, on the basis of comparisons made by Lock between results from

CAMBER = (%)2 -4,

At e e it e

e o

P TR

e G b

the Garabedian and Korn program and numerical solutions of Euler's equation, the guasi-
conservative difference parameter (i) is set equal to 0.25.
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RAE 5225 PRESSURE OISTRIBUTIONS - COMPARISON BETWEEM
VGX THEORY AND MEASUREMINT
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Me = 0749, Cy = 0-557

1My = 0735, Cy = 053 0

Comparisons between measured and calculated aerofoil pressure distributions are shown
in Figs 7(aYto (e) for Cy = 0.55 and for corrected Mach numbers from 0.5 to 0.75. Uncer-
tainties in the angle of incidence arising from, for example, inadequacies in the treatment
of the viscous/inviscid interactions in the theory, are accommodated by making the compari-
sons at a given 1ift rather than at the same angle of incidence. Generally, the agreement
between theory and measurement is good, with 1little difference between the two sets of
- calculations. However, at Me = 0.75, the calculation with the camber correction, gives a {
i shock position that is significantly further downstream than that indicated by the measure- !
ments. Because of the approximate nature of the camber-correction technique, it is not
possible to say if this is a genuine effect, It may be argued, quite reasonably, that the
supercritical flow depends primarily on the actual shape and curvature of the aerofoil
surface ahead of the shock wave. However, the simple technique does show that wall-induced
flow curvature is potentially a serious problem deserving further study, and it suggests
that, for routine testing of aerofoils, the effect is best minimised. The relatively good
agreement between theory and measurement on the forward part of the lower surface suggests
that the correction to Mach number given by the present method is reliable.
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3.3 T2 Adaptive-Wall Tunnel

The 52 Tunnel is the subject of a paper: to be presented by Archambaud and
Chevallierl” at this Symposium. We will therefore not describe the tunnel but, because

it is relevant to wall-correction methods, will briefly consider the method used to adapt
the walls.

The working section is equipped with upper and lower walls that can be distorted to
minimise or to eliminate wall interference. 1In order to establish substantially
interference~free conditions, an iterative procedure is used; this is based on a comparison
between a flow variable (eg static pressure) measured at the walls and the corresponding
quantity inferred from the hypothetical unconfined flow. In the calculation proccdure,
allowance is made for the change in displacement thickness of the roof and floor boundary
layers due to the presence of the model and the change in wall shape.

As an independent check on the technique, the present method has been used to calcu-
late the wall interference for a NACA 0012 aerofoil of chord length 150 mm {(c/h = 0.390).
The cases considered are listed in Table 1.

TABLE 1

Case Mo a% AM A0® Remarks
1 0.73% 0 0.023 -0.007 Straight walls
2 0.73 0 0.002 0,005 | .Adapted walls
3 0.73 2 0.009 0.144 Unagdapted walls*
4 0.73 2 0.004 0.017 Adapted walls .
5 0.73 3 0.004 -0,001 Adapted walls
6 0.85 0 0.076 0.012 | Unadapted walls (M > '1 at wall)
7 0.85 o] 0.012 0.027 Adapted walls (M < 1 at wall)

AM and Ao evaluated at mid-chord (x/h = -0.065)
*Walls adapted for Case 2

WALL-INDUCED INCREMENTS IN MACH NUMBER AND INCIDENCE, NACA OOLZ IN T2 TUNNEL

As noted in Section 2, the boundary values used in the present method are referred
to those of the empty tunnel, which is unambiguously defined as the tunnel configuration
with straight walls and with a mean line that is parallel to the reference velocity vector.
A significant amount of random scatter is observed in the wall static pressures for the
empty tunnel which is not evident with the model in the tunrel. After averaging the data
for various empty-tunnel tests at the same rcference conditions it is found that the
correction to empty-tunnel conditions is found to be negligible cxcept at a small number
of static holes., The static pressures at these holes, which are presumably affected by
surface imperfections, have been duly corrected. Typical distributions of the static-
pressure coefficient Cpc and the wall deflection are shown in Fig 8,

In order to be consistent with the method used
to determinc the wall shape29, the present calcula- DEFLECTION 2c POSITVE |7,
tions include the effect of the compliancy of the UPWARDS
roof and floor boundary layers. As in the case of
the aerofoil tests in the 8 ft x 8 ft Tunnel the
change in dlsplacement thickness of the wall boun-
dary layers is calcglated by using the Lag RO

Entrainment methodl . ﬂw&ﬁ”‘”“‘*ﬁp-anmn

“ -1 1 xfh

r © JACK LOCATICN

The results obtained for the wall-induced
increments in Mach number and incidence at mid chord

are shown in Table 1. For all but one of the cases - ~Cp  ROOF
with the walls adapted (ie nominally interference- - * FLOR
free flow), the increments are seen to be small N L@w
although perhaps not negligible. The exception is PR
Case 7 for which the increments are significant. . .
Possible reasons for this are considered later. B ‘.

Graphs of the streamwise variation of the gty e T 43852

wall-induced velocities are shown in Fig 9. Four 1 0 1 xh

of the cases with M, = 0.73 are shown, two of

which are with walls adapted. The effect of 3 .
adapting the walls is to reduce the variation along fa.e ;’;;slslziﬂﬁﬂgziu;‘;‘? c"fs% f“mt
the aerofoil chord of the wall-induced velocities

considerably. Experience, such as that described

in Section 3.2, suggests that the adapted-wall cases shown in Fig 9 can reasonably be
called 'correctable', whereas the others probably cannot.

As an illustration of the rclative contributions to the wall interference of the
vortex and source distributions, Fig 10 shows an analysis of the wall-induced velocities
for Case 4. It will be appreciated from this that a delicate balance has to be achieved
between the vortex (wall static pressure) and source (wall plus boundary-layer dlsplacement
contributions to achieve interference-free flows., This may be offersd as a plausible
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explanation for the magnitude of the wall-velocity increments in Case 7.
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this case,

the free-stream Mach number is closer to unity than for the other examples with adapted

walls,

As may be inferred from equations (11), (14) and (15), the contribution of the

source integral to the wall-velocity increments is increasingly sensitive to errors in

wall or boundary-layer displacement as free-stream Mach number approaches unity.

There fore

it becomes more difficult to achieve the desired balance between the two terms as free-
However, this is unlikely to prove to be a

stream speed approaches the sonic value,

practical problem if (a) the flow obtained is

correct the data is reliable.

4 EVALUATION OF THE-METHOD FOR
‘TEITSON =D TSIONAL MODELS

In principle, there are no diffi-
culties in applying equation (11) to
three-dimensional flows. However, the
three-~dimensional version of the method
requires measurements of static pressure
on at least three of the walls. This
should not cause great difficulty but,
clearly, the method is likely to be
more attractive if it can be shown to
give reliable values of wall-
interference velocities from a modest
number :of wall static-préssure measure-
ments (say less than about 200).

In this section, the method is
assessed for tunnels with cylindrical
walls of rectangular cross section.
This is done by using the classical
method of images to provide static
pressures at specified 'wall holes'
and to evaluate the accuracy of the
wall-induced velocities. Wall
boundary-layer effects are not
considered. Furthermore, only flows
with a vertical plane of symmetry are
examined since they are representative
of the majority of wind-tunnel tests.
This implies that it is only
necessary to measure static pressures
on one side of the vertical plane of
symmetry of the tunnel.

4,1  Interpolation techniques
and numerical integration

The accuracy of the numerical
approximation to the theory depends to
a large extent on the way the wall
pressure data are interpolated. Based
on our experience of two-dimensional
wall interference, we have used the
Cubic Spline method for interpolation
in both directions on each wall.
Interpolation in the streamwise direc-

tcorrectable' and (b) the method used to
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tion is performed first, and the extrapolation to infinity upstream and downstream is

carried out in the same way as for the two-dimensional case.

The end conditions required

at the corners for the interpolations in the directions normal to the stream are defined in

terms of the value of C
is assumed to be.deriveg

and its first derivative with respect to y or z.
from the streamwise interpolation of a row of static-pressure

The value of Cp

holes placed at either corner, while the first derivative is found from the condition of

irrotationality

du/dy - av/dx =

du/az - w/3Ix = 0 ,

(16)

Since v and w, the perturbation velocities in the y and z direction, are both zero at the
corners, it follows from equations (13) and (16) that the end conditions for the derivatives

are

3Cp/8y = BCp/QZ = 0

In addition to the static-pressure holes at the corners, it is assumed that there
are P streamwise rows of static holes on both the roof and the floor at

2ylb =
and Q rows on one sidewall at

z/h = ¢

B s et T T

q/(Q + 1)

s 4 F

0, 1, 2,

P/B, D=0, 1,2, ... (P-1)
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For the sake of simplicity, the streamwise distribution of holes is assumed to be the sane

for each row, namely
x/h = -0.,8(0.2)-0.2(0.1)0.2(0.2)0.8 ,

where x = 0 is a datum close to the position of the model. This distribution has been
chosen on the basis of calculations for two-dimensional flows, and, in general, it implies
that there are 11 x (2P + Q + 2) static holes in the tunnel walls.

The numerical integration of the velocity increments induced by the distribution of
elementary horseshoe vortices on the walls is caprried out by approximating the perturbation

velocity u with.a stepwise distribution as shown in Fig 11. (This is equivalent to assuming

that the distribution may be replaced by a

finite number of horseshoe vortices of non-zerc
span”). The span of each of the m' elements on

both the roof and the floor is b/m',while on

either sidewall there are n' elements of span

h/n'. Trial calculations have indicated that
satisfactory accuracy is achieved with iy
m' = n' = 10,

k.2 Evaluation T=uys o
OOF uix,z)

The examples chosen for the evaluation
are as follows:

1 A source-sink pair simulating a y y
¢losed body with an axis of symmetry
on the centre line of the working
section (y = z = 0). The distance
apart of the two singularities is
0.2h and the centre of volume of the
body is at x = 0.

FOGR

2 A point source at either (0, 0, 0) AGH  DISCRETIZATION OF TUNNEL - WALL VORTEX DISTRIBUTION

or (0, 0, 0.1h), with, in each case, a

companion sink of equal ‘strength infinitely far downstream. This flow may be
‘considered similar in some respects to that of a wake or a jet, and is the 'building
block' of more complicated flows.

3 A horseshoe vortex on the plane z = O, with its centre line at y = z = 0. The
'bound' part of the vortex is situated at x = O, and the vortex span is 0.6b,

In all the cases examined, the tunnel is of square cross section (h/b = 1) and the
effective freestream Mach number is 0.6.

Comparisons between the wall-induced velocities calculated by the present method and
the image method at the tunnel centre line are shown in Figs 12 to 15. 1In particular,
Fig 12 shows the streamwise distribution of STy oy
the blockage increment in velocity for the T o2
first example. It reveals that good agree- p20-3
ment is obtained between the two methods for WAGE METHOO
a relatively small number of static holes
(P =Q=1o0r 55 holes). A similar situation
is found in the second example, as shown in
Fig 13. With the point source offset from
the tunnel centre line, the walls induce an
upwash at the tunnel axis which, as shown in
Fig 14, is approximated reasonably well when | o s i L '
use 1s made of between 50 and 100 holes. e g2 SORE 5 SMK gp g ga
Finally, Fig 15 shows that for example 3 the .
method gives a wall induced upwash that is FIG12  EXAMPLE 1. SOURCEISINK PAIR, STREAMWISE
within 5% of the ‘exact! value if 55 holes VELOCITY INDUCED BY TUMNEL WALLS
are used and to better than 1% with 99 holes
(P =2, Q=3). For all practical purposes, ST ey
an accuracy of between 1% and 5% in the AT r '“f
upwash correction is probably adequate. - {pgzaﬂ
@ HAGE METHOD

So far, nc attempt has been made to
optimise the number of wall static holes.
Despite this, the results obtained are
sufficiently encouraging to suggest that the
method may be used to obtain accurate values
of wall corrections with a reasonable number
of wall holes for flows that are of the small I 1 L L
perturbation type in the region of the walls, #0h -0 0 LS LI 2
In incompressible flows this regtriction may
be relaxed somewhat because the method is FiG.13
exact in the region A. However, in some of
these cases, equation (13) may no longer be
sufficiently accurate for deriving the stream-
wise velocity component from measured
pressures (eg models at high 1ift). In this

EXAMPLE 2. POINT SOURCE AT QRIGIN; STREAMWISE VELOCITY
INDUCED BY TUNNEL WALLS,Z = 0 AND Z = 0'Ih (CURVES
INDISTINGUISHABLE}
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eventuality, it is necessary to determine the streamwise velocity component either by
direct measurement or by integrating Euler's equations for the flow at the edges of the
wall boundary layers. Of the two methods, the latter is preferable because of the
difficulties in measuring flow angle accurately.

Symbol Case
Symbol Case ——— [ P=l=1
Pa0s1 e |P22,023
—me | Pa2.023 ° IMAGE METHCO
Q MAGE METHOD G
1o}
o
L L 1 L
-4 R ] [] 02 xih 04 L , L |
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FIG14  EXAMPLE 2. POINT SOURCE AT ORIGIN; UPWASH

INDUCED BY TUNNEL WALLS Z = O'1h FIG1S EXAMPLE 3. HORSESHOE VORTEX IN PLANE 220,

UPWASH INDUCED BY TUNNEL WALLS

5. CONCLUSIONS

A method has been developed for calculating the wall interference in solid-wall
tunnels from measurements of static pressure at the walls. This technique has the
advantage over other methods of not requiring a description of the flow in the region of
the model. This is an attractive feature for models with flows that are not easily
simulated.

To date, the method has mainly been applied to tests on aerofoils. Measurements
made in the 8 ft x 8 £t Wind Tunnel at RAE on an aerofoil of advanced design have been
used a8 a basis for assessing the method. Compariﬁons between calculations of wall inter-
ference by the present method and the methods of Gothert? and Smith® show reasonably good
agreement in terms of blockage increment in Mach number, and all three approaches give
Mach-number corrections that are significantly higher than those of linear theory. 1In
contrast, linear theory and the present method are in good agreement in their calculations
of wall-induced upwash.

Comparisons between pressure distribution obtained from, on the one hand, calcula-
tions by VGK of the equivalent free-air flows and, on the other, measurement suggest that
the correction to Mach number given by the present method is satisfactory. In these calcu~
lations, an allowance has been made for the chordwise variation of wall-induced upwash by
adjusting the aerofoil camber. However, it is arguable whether or not the calculated effect
on shock position of the camber adjustment is representative of the influence of wall-
induced upwash. Further work is needed on this aspect of the problem.

Some calculations have also been made of the wall interference in tests on a NACA
0012 aerofoil in T2 Adaptive-Wall Tunnel (ONERA). These show that, with the walls adapted,
the wall-induced increments are generally small, although not negligible, and that the
effect of adapting the walls is to reduce considerably the calculated chordwise variation
of the wall-induced velocities. An analysis of the wall interference shows that, in order
to achieve interference-free conditions, the vortex (static pressure) and source (wall plus
boundary-layer displacement) contributions are required to cancel identically. This becomes
increasingly difficult as free-stream Mach number approaches unity because of the increased
sensitivity of the source term to errors in wall displacement. -

An evaluation of a three-dimensional version of the method, indicates that it may be
expected to give accurate values of wall-induced velociti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>